Our objective is to characterize gravity effects on the structure of laminar methane-air partially premixed flames through detailed simulations. We examine the heat loss due to radiation from similar flames that are established at various gravitational accelerations and coflow velocities. Radiation is modeled using the optically thin assumption that provides a limiting value for the radiation heat transfer. We have validated the simulations with measurements in a representative 1-g flame. The predictions are in good agreement with the measured reaction zone topologies and temperature distributions. The simulations show that when the gravitational acceleration for a representative 1-g partially premixed double flame is instantaneously decreased to zero, it is possible to establish a nearly steady 0-g flame in roughly 2.2 s. The overall effect of radiation on the structure of the 1-g flame is relatively insignificant in contrast to the corresponding 0-g flame. Due to radiation effects, the heights of both the inner premixed and outer nonpremixed reaction zones in the 0-g double flame increase, and the heat release rate intensity near the premixed reaction zone tip decreases. When radiation effects are not included in the simulations, the peak temperatures are nearly the same for the 1-g and 0-g flames. However, with radiation the difference in these temperatures is significant. The decrease in the peak temperature due to radiation for the 0-g flame is nearly five times larger than for the 1-g flame. The value of the radiation fraction for 0-g flames without coflow can be as large as 50%, although it drops significantly in the presence of a coflow. While the flowfields upstream of the inner premixed reaction zone are nearly identical for 1-g and 0-g double flames, they are markedly different in the regions between the two reaction zones as well as downstream of the outer nonpremixed reaction zone. The maximum flame temperatures and local heat-release rates increase as the gravitational acceleration increases, while the radiation fractions and inner flame heights decrease. The flickering frequency also increases from 14.7 Hz at 1-g to 41.4 Hz at 10-g and follows the correlation StϰFr Ϫ0.57 that is in accord with a previous compilation of normal gravity data. The radiation Damköhler number is inversely proportional to the Froude number. The radiation fraction decreases with increasing coflow, and the differences between the maximum flame temperatures and heat-release rates for 1-g and 0-g flames become less pronounced. Results for triple flames are in accord with those for double flames.
I. INTRODUCTION
Partially premixed flames ͑PPFs͒ are hybrid flames containing multiple reaction zones. They can exploit the advantages of both nonpremixed and premixed flames regarding safety, lower pollutant emission levels, and flame stability. 1, 2 A detailed understanding of the structure of PPFs is important from both practical and scientific considerations. Unwanted fires can originate in a partially premixed mode when a pyrolyzed or evaporated fuel forms an initial mixture with the ambient air. 3 Partially premixed flames occur in many applications including gas-fired domestic burners, industrial furnaces, and Bunsen burners. Partial premixing also occurs under other circumstances, such as in turbulent combustion due to local extinction and reignition processes, 4 in lifted flames, 5, 6 and in practical spray systems due to the presence of locally fuel vapor-rich regions. 7, 8 Partially premixed combustion may also be encountered in future space applications or spaceship fires, 9, 10 and thus it is meaningful to investigate gravitational effects on PPFs from this perspective.
The effects of gravity on premixed and nonpremixed flames have been extensively investigated over the last decade. Law and Faeth, 10 Kono et al., 11 and Ronney 12 have provided detailed reviews of experimental and computational studies dealing with such 1-g and microgravity (-g) flames under different configurations. However, the corresponding literature regarding PPFs under 1-g and -g conditions is sparse. It is known that PPFs contain multiple reaction zones and their structure is determined by the transport and thermochemical interactions between these reaction zones. 1, 2, [13] [14] [15] We have previously presented computational results of gravity effects on these interactions. For double flames, i.e., PPFs containing an inner rich premixed and an outer nonpremixed reaction zone, we observed that the absence of gravity increases the spatial separation between the reaction zones, since diffusive transport is enhanced relative to advection as buoyant entrainment of the oxidizer is eliminated. 13 These effects increase the effective flame volume in a -g flame compared to its 1-g counterpart. In addition, the spatial characteristics of the inner premixed region were found to be mostly unaffected by the gravitational acceleration, while the outer nonpremixed zones exhibited significant differences. Another investigation indicated that the overall structure of a triple flame is determined by interactions between its three reaction zones, which can be influenced by changes in the mean velocity, equivalence ratio, and gravitational acceleration.
14 While the inner rich premixed reaction zone is weakly influenced by gravity, the central nonpremixed and outer lean premixed reaction zones exhibit significant differences at 0-g and 1-g.
Since the high temperature regions are much broader for PPFs at 0-g, thermal radiation effects can become significant as the role of gravity is diminished. The radiative cooling time rad for a gaseous volume of combustion products that is initially at its adiabatic flame temperature T f is rad ϭ͓␥/(␥ Ϫ1)͔ P/͓4K p (T f 4 ϪT 0 4 )͔, 12 where ␥ is the heat capacity ratio, P the pressure, the Stefan-Boltzmann constant, K p the Planck mean absorption coefficient, and T 0 the ambient temperature. Assuming Pϭ1 atm, K p ϭ56 cm Ϫ1 , ␥ϭ1.35, T 0 ϭ298 K, and partially premixed flame temperatures to vary from 1650 to 2200 K ͑in the inner premixed and outer nonpremixed reaction zones͒, the corresponding rad values lie in the range 0. ϭ2 -4 mm. This thickness depends on the level of partial premixing and the velocities of the reactant streams. Therefore, if the transport zone thickness exceeds 4 mm ͑as is the norm in the flames that we have investigated 14 ͒, b Ͻ d , i.e., gravitational effects overwhelm transport effects. Radiation effects are of less significance in normal gravity, since b Ͻ rad . However, b →ϱ as g→0, implying that radiation effects may be significant under microgravity conditions. Moreover, since the role of molecular transport becomes more important as the gravitational acceleration is reduced, it is also possible that rad Ϸ d .
A careful investigation of the interactions between transport, buoyancy, and thermal radiation should increase our understanding of PPFs. It is important to quantify these effects under different flow conditions. The objective of this investigation is to examine gravity effects on the structure of laminar methane-air PPFs. We will focus on quantifying the heat loss due to radiation by comparing the results for flames established at various gravitational accelerations and the competing influence of coflow-induced advection.
II. NUMERICAL METHOD

A. Governing equations
The computational model is based on the algorithm developed by Katta et al. 16 and the simulation method is described in detail elsewhere. 1, [13] [14] [15] The numerical model solves time-dependent governing equations for an axisymmetric reacting flow. Using cylindrical coordinates, these equations can be written in the form
͑1͒
Here t is the time, and u and v represents the axial (z) and radial (r) velocity components, respectively. The general form of the equation represents conservation of mass, momentum, species, or energy conservation equation, depending on the variable used for ⌽. The transport coefficient ⌫ ⌽ and source terms S ⌽ appearing in the above equation are provided in Table 1 of Ref. 1 . Introducing the overall species conservation equation and the perfect gas state equation completes the set of equations. In addition, a sink term based on an optically thin gas assumption is included in the energy equation to account for thermal radiation in the flame. This is described in the following section. The methane-air chemistry is modeled using a detailed mechanism that considers 24 species and 81 elementary reactions. 17 The mechanism has been validated for the computation of premixed flame speeds and the structure of nonpremixed and PPFs. 18, 19 Figure 1 presents the geometry of the axisymmetric coannular burner and computational domain. The computational domain of 100ϫ50 mm 2 in the axial (z) and radial (r) directions, respectively, is represented by a staggered, nonuniform (401ϫ151)-grid system. The inner burner wall of 0.8 mm thickness is simulated by an insert body maintained at an isothermal temperature. The outflow boundaries in both directions are located sufficiently far from the respective inflow and symmetric boundaries so that the propagation of boundary-induced disturbances is minimized. At the inflow boundary, the fully developed pipe flow in the inner tube and flat-velocity profiles outside the inner tube ͑when outer flow velocity V out is not zero͒ were used. The temperature and species mass fraction profiles are assumed to be uniform at the inflow boundary.
B. Thermal radiation model
An optically thin radiation model has been frequently used in combustion simulations, including investigations on the flammability limit for premixed flames, [20] [21] [22] NO x formation, 23, 24 flame structure, 25 and extinction 18 of PPFs. According to the optically thin approximation, the sink term due to the radiation heat loss q rad is
where T is the local flame temperature. K p accounts for the absorption and emission from the participating gaseous species CO 2 , H 2 O, CO, and CH 4 , and is expressed as
where K p,k denotes the mean absorption coefficient of species k. Its value is obtained by using a polynomial approximation to the experimental data provided in Ref. 27 . The radiation fraction rad is taken as the ratio of total radiation heat loss Q rad to total heat released Q ͑heat of combustion͒, i.e., rad ϭQ rad /Q. ͑4͒
The heat of combustion is calculated by integrating the local heat-release rate in the volume encompassed by the computational domain, i.e.,
where V is the volume of the computational domain,
Ϫz i, j ), NI and NJ are the numbers of grid points in the axial and radial directions, respectively, and q i, j is the local heat-release rate expressed as
where H k and k is enthalpy and net production rate of kth species, respectively. The total radiation heat loss can be obtained by integrating the local radiation heat loss over the volume, i.e.,
III. RESULTS AND DISCUSSION
A. Validation of numerical model
The numerical model has been previously validated for both burner-stabilized and lifted methane-air PPFs. 2, 28 Additional validation of the model is provided herein by comparing the predicted and measured flame topologies and temperature distributions for a 1-g partially premixed methaneair double flame. Figure 2 presents a comparison of the predicted heat-release rate contours with the experimentally obtained C 2 *-chemiluminescence intensities for this flame. The flow conditions are in ϭ2.0, V in ϭ0.6 m s Ϫ1 , out ϭ0, and V out ϭ0.5 m s Ϫ1 , where in and out are the mixture equivalence ratios of the inner and outer tubes, while V in and V out the mean flow velocities as of the inner and outer tubes, respectively. The optically thin radiation model was included in this simulation. We have found the C 2 *-chemiluminescence to be a good marker of the heat-release and reaction zones. 28 In Fig. 2 , the C 2 *-chemiluminescence image for the flame is normalized by multiplying each pixel intensity by a constant value, which is the ratio of the maximum heat-release rate to the maximum pixel intensity. The measurement and prediction are in good agreement with respect to the topologies of both the inner rich premixed and outer nonpremixed reaction zones. Both the simulated heat-release rates and the chemiluminescence image indicate that the reaction intensities peak at the flame base, where the inner and outer reactions are merged. This high reactivity region has been termed as the ''reaction kernel'' by Takahashi et al. 29 Its presence is due to the combined effects of flame curvature and premixing that primarily occur in the vicinity of the burner rim. The reaction intensity decreases along the side of the inner premixed zone, and the heat-release rate also progressively decreases downstream along the outer nonpremixed reaction zone. The nonpre- mixed reaction zone exhibits a weak tip, as shown in Fig. 2 , for both the chemiluminescence image and the simulation. Figure 3 presents a comparison between the measured and predicted temperature distributions for the flame considered in Fig. 2 . The measurements are made using rainbow Schlieren deflectometry. 30 The measured temperatures show evidence of a small amount of heat transfer to the burner rim, which is not shown by the predictions due to the imposed boundary conditions. Regardless of this upstream discrepancy, there is generally good agreement between the measured and predicted temperatures at downstream locations. Both the measurement and the prediction indicate that the premixed reaction zone is relatively thin, and the region with the highest temperatures lies between the inner premixed and outer nonpremixed reaction zones. The measured maximum temperature is slightly higher ͑2159 K vs 2021 K͒ than the corresponding predicted value. This is attributed to the uncertainties in both the measurements and predictions ͑e.g., related to the chemical mechanism and the thermodynamic and transport properties͒. The maximum measurement error lies near the centerline on the rich side of the inner premixed flame because of a constant refractivity assumption.
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B. Simulations of 0-g PPFs
Since the numerical solution employs a time-dependent algorithm, two different approaches can be employed to obtain a stable PPF at 0-g. One is to ignite the mixture at the beginning of a 0-g simulation and allow it to attain a steady state structure. The other approach is to first simulate a steady flame at 1-g, and then change the gravitational acceleration to zero and continue the time marching until a steady 0-g flame is obtained. The experimental analogs of both methods have been used in drop-tower experiments and their differences have been discussed by Bahadori et al. 32 They observed that laminar jet nonpremixed flames did not reach steady state as the temperature fields were still evolving at the end of the drop period. Urban et al. 33 and Lin et al. 34 conducted long-duration tests in the space shuttle and observed that nonpremixed soot-containing hydrocarbon flames were almost twice as long as -g flames observed in
ground-based drop-tower facilities. Similar trends may be expected for PPFs and it is worthwhile to examine these transient aspects in order to understand the influence of changing gravitational acceleration. Figure 4 presents the temporal evolution for a 0-g PPF simulated using the second approach, i.e., when a stable 1-g flame is subjected to a sudden 0-g condition at tϭ0. The evolution is shown in terms of a selected value of heatrelease rate contour (100 kJ m Ϫ3 s Ϫ1 ) and an isotherm contour ͑600 K͒ plotted at different times. The flow conditions are in ϭ2.5, V in ϭ0.3 m s Ϫ1 , out ϭ0, and V out ϭ0. The initial 1-g flame at tϭ0 is represented by broken lines. It becomes rounder and broader during its evolution to a steady 0-g flame. The inner premixed reaction zone reaches steady state rapidly, but the outer nonpremixed flame evolves over a longer duration. In addition, the heat-release rate reaches steady state much faster than the temperature. For example, the specified heat-release rate contour at 0.4 s is near that at 1.8 s and 2.2 s, but the temperature contour at tϭ0.4 s appears to be still developing. Since d Ϸ rad , the isotherm is influenced both by diffusion and radiation. Nonetheless, the isotherms at 1.8 s and 2.2 s are nearly identical, suggesting that a nearly steady state is established at 2.2 s. Therefore, the ''steady'' 0-g flames discussed in the following sections are those corresponding to tϭ2.2 s. Figure 5 presents the flame structures in terms of the heat-release rate and temperature contours for 1-g and 0-g flames simulated with and without the radiation model. The flow conditions are the same as for the flame in Fig. 4 . All flames exhibit a double-flame structure. For the 1-g flames ͓cf.
C. Effect of radiation on 1-g and 0-g flames
Figs. 5͑a͒ and 5͑b͔͒, the heat-release rate contours indicate that the heights of both the inner premixed and outer Ϫ1 , out ϭ0, and V out ϭ0. The heat-release rate contour has a value of 100 kJ m Ϫ3 s Ϫ1 , while the temperature contour has a value of 600 K.
nonpremixed zones slightly increase when radiation is accounted for, implying a small increase in the chemical time.
Radiation also decreases the temperature in the hightemperature regions, as indicated by the intersection of the 1400 K and 1800 K isotherms with the centerline. However, the overall effect of radiation on the structure of the 1-g flame is of less significance than on the 0-g flame. As indicated by the heat-release rate contours ͓cf. Figs. 5͑c͒ and 5͑d͔͒, when radiation is addressed, the heights of both the inner premixed and outer nonpremixed reaction zones increase by about 2 mm (Ͼ10%). In addition, the heat-release rate intensity near the flame tip decreases, and the region occupied by the 1800 K isotherm shrinks from that without radiation. The decreases in the flame temperature and the global reaction rate due to radiation produce a relatively longer and thicker flame at 0-g. Radiation also decreases the thermal and mass diffusivities through reduced temperatures. Figures 5͑c͒ and 5͑d͒ show the existence of a weak heatrelease peak between the inner rich premixed and outer nonpremixed reaction zones. The stoichiometric mixture fraction contour st ͑defined according to Bilger 35 ͒ is identified by a dashed line in these figures in order to clarify the location of the nonpremixed reaction zone. This st contour passes through the region that lies between the maxima in the inner premixed and outer nonpremixed heat-release zones. Comparing our results with dicative of the increase in the flame height. Without radiation, the peak temperatures are essentially identical for the 1-g and 0-g flames ͑2028 K vs 2020 K͒. However, when radiation is included, the difference between these two temperatures is significant ͓1973 K (1-g) vs 1760 K (0-g), respectively͔. The decrease in the peak temperature caused by considering radiation heat loss is 260 K for the 0-g flame compared to 55 K for the 1-g flame. Clearly, radiation effects on PPFs are significantly enhanced in 0-g condition. This is also due to the larger reaction volume for the 0-g PPF in comparison to the 1-g flame ͓cf. Figs. 6͑a͒ and 6͑b͔͒ . Figure 7 presents heat-release rate profiles for these flames. Their peaks along the centerline ͓cf. Fig. 7͑a͔͒ occur at the inner premixed flame tip, while the two peaks in the radial profiles ͓cf. Fig. 7͑b͔͒ occur in the inner premixed and outer nonpremixed reaction zones, respectively. In the absence of radiation the peak heat-release rates for the 0-g flames are only one-half of those for the 1-g flames. This difference can be attributed to two factors: first, the 0-g flame is spatially broader and longer than the 1-g flame; second, the reactivity at the premixed flame tip is weaker for the 0-g flame due to a decrease in oxidizer advection in the absence of buoyancy. This figure also corroborates the results discussed in the context of Figs. 5 and 6. For the 0-g flames, the peak heat-release rates when radiation is addressed are less than half of those without radiation, indicating that the reactivity at the premixed flame tip is significantly weakened by radiation. Another observation from a comparison of radial heat-release rate profiles in Fig. 7͑b͒ is that radiation does not have a significant effect on the magnitude of the radial heat-release rates in 1-g and 0-g PPFs; instead, it shifts the peaks further away from the centerline.
D. Validity of the optically thin gas assumption
In order to assess the validity of the optically thin gas assumption, the optical thickness in the axial direction ( z ) is calculated by
and in the radial direction ( r ) by
where R and Z are the computational domain lengths in the radial and axial directions, respectively. 5͑b͒ and 5͑d͒. The value of z is much larger than that of r , since the Planck mean coefficients are functions of the local species concentrations and temperatures, and because the flames are optically thicker in the axial direction than in the radial direction. The fact that z is larger than r is also due to the high concentration of CH 4 , H 2 O, CO, and CO 2 along the axial segment that is considered. The optical thickness is significantly larger for the 0-g flame than for the 1-g flame.
The peak values of z occur near the centerline and are 0.132 and 0.162 for the 1-g and 0-g flames, respectively. Although these values are not insignificant, they are nevertheless much smaller than unity and thus justify the optically thin gas assumption.
The global effect of radiation on 1-g and 0-g PPFs is summarized in Table I , which presents the simulated values of the maximum flame temperature T max , maximum heatrelease rate q max , heat of combustion Q, total radiation heat loss Q rad , radiation fraction rad , maximum axial optical thickness z,max , and inner flame height H ͑which is defined by the location of peak heat-release rate along the centerline͒ for six flames. The simulated radiation fraction values for 1-g flames are in good agreement with those reported in literature for laminar methane-air nonpremixed flames. 36 It is logical that corresponding values for PPFs should be of the same order. A comparison of rad for 1-g and 0-g flames again demonstrates that the effect of radiation on PPFs is significantly enhanced in the absence of gravity for which the rad value can be as high as 50.5%, although it drops to 22.9% in the presence of a coflow at 0.3 m s Ϫ1 . The optically thin gas model is known to overpredict the radiation heat loss in flames. Nevertheless, it provides a limiting value for the radiation loss, and can be used to compare the effects of radiation in 1-g and 0-g flames.
E. Effect of gravity on double-flame structure
Our previous investigations 13, 14 have examined the gravitational effects on partially premixed flames without considering thermal radiation. Since the preceding results clearly demonstrate that the effect of thermal radiation on flames is significantly enhanced under 0-g conditions, differences between the 1-g and 0-g flames would be greatly enhanced when radiation is addressed. Figure 9 presents velocity vectors, and temperature and heat-release rate contours for the 1-g and 0-g flames discussed in Fig. 5 . The base of the 0-g flame moves further away from the centerline and stabilizes below the burner rim. The height of the inner premixed reaction zone is significantly longer than for the 1-g flame ͑14.4 vs 10.7 mm͒. The flame base displacement occurs due to the entrainment of air. In 1-g, entrainment produces a flow that pushes the flame closer to the centerline and also pulls the flame base radially inward toward the burner wall. In 0-g, the flame base remains away from the centerline due to the absence of the buoyant flow. The maximum flame temperature and heat-release rate are significantly lower in the absence of gravity ͑cf. Table I͒ and the flame occupies more volume. For example, when we assume the flame is described by the volume occupied by temperatures Tу1000 K then the volume of the 0-g flame is 3.9 times larger than that of the 1-g flame ͑i.e., 9.298 vs 2.381 cm 3 ). For the 1-g flame, the Froude number (FrϭV in 2 /GD, here G is gravity level of unity g and D is the inner tube diameter͒ has a value of 2, implying that the gravitational and inertial effects are of similar magnitude. The velocity vector plots in Fig. 9 indicate that while flow fields upstream of the inner premixed reaction zone are nearly identical for the 1-g and 0-g flames they are markedly different in regions between the two reaction zones as well as downstream of the outer nonpremixed reaction zone. For the 1-g flame, buoyancy accelerates the products ͑CO and H 2 from the in -FIG. 9 . Velocity vector fields, temperature, and heat-release rate contours for the 1-g and 0-g flames discussed in the context of Figs. 5͑b͒ and 5͑d͒ , respectively. ner premixed zone, and CO 2 and H 2 O from the outer nonpremixed zone͒ downstream of the two respective reaction zones. In addition, the buoyant entrainment bends the velocity vectors toward the centerline. This causes the outer reaction zone to move closer to the inner reaction zone, making the 1-g flame more compact than the 0-g flame. Table II lists the properties of the double flame described in Fig. 4 at different levels of gravitational acceleration, i.e., 0-g, 0.1-g, 1-g, 2-g, 3-g, 5-g, and 10-g. At and above 1-g, the flame is unsteady; therefore, average values of T max , q max , Q rad , rad , and H are provided in italics. The maximum flame temperatures and local heat-release rates increase as the gravitational acceleration increases, while the radiation fractions and inner flame heights (H) decrease. The flickering frequency f also increases from 14.7 Hz at 1-g to 41.4 Hz at 10-g. Figure 10 presents the relationship between the inverse Froude number and the Strouhal number (St ϭ f D/V in ) of the flickering flames under various gravitational accelerations. The results of premixed flames of Durex et al. 37 and nonpremixed flames of Arai et al. 38 are also plotted for comparison. The solid line represents the correlation StϰFr Ϫ0.57 provided by Hamins et al. 39 through a large compilation of normal gravity data from a variety of flames. Our results are in good agreement with those of Durox et al. 37 and closely follow the correlation of Hamins et al. 39 The nonpremixed flame results of Arai et al. 38 also fall along the slope. This implies that flickering at enhanced gravity is influenced by the same physical factors as under normal gravity conditions, 39 and the instability mechanism responsible for the buoyancy-induced flame flickering is independent of the boundary conditions and flame configurations.
Besides the radiation fraction, the radiation intensity can also be expressed by the radiation ͑fourth͒ Damköhler number, which compares the heat generated by chemical reaction to the heat lost by radiation, i.e., Da rad ϭQ/Q rad ϳ rad / chem . As Da rad →1, the radiation heat loss becomes significant. The chemical reaction time scale chem is related to the flow time of the gas through the radiating volume. It can be shown that rad
, where c p is the specific heat capacity and X f the fuel mole fraction. Therefore, Da rad ϳV(g) f (X f ,T), where V(g) is the effective velocity as a function of gravity and T is a function of X f . The radiative heat loss increases with a decrease in V(g) or increase of T. The Froude number is also a significant nondimensional parameter for the radiation importance related by the Damköhler number. It can be shown that Da rad ϳ(1 ϩFr Ϫ1 ) f (X f ,T). This indicates that the Damköhler number is inversely proportional to the Froude number. As Fr increases, which occurs during the transition from 1-g to -g, Da rad decreases, which means the relative significance of radiation increases.
F. Effect of coflow and inner jet velocities on double-flame structures
In order to examine the effect of coflow on the structures of 1-g and 0-g PPFs, we have simulated flames with coflow velocities V out ϭ0.3, 0.6, and 1.0 m s Ϫ1 . There is little difference between these flames, and all flames become shorter and more compact. Figure 11 presents velocity vectors along with temperature and heat-release rate contours for the flame with V out ϭ0.3 m s Ϫ1 . The coflow velocity is assumed to have a top hat velocity profile that ends at the outer burner wall. The outer ambient flow is considered to be quasiquiescent air with an axial velocity 0.001 m s Ϫ1 at the inflow boundary. Other conditions pertaining to this flame are in ϭ2.5, V in ϭ0.3 m s Ϫ1 , and out ϭ0. Although, the presence of a coflow makes both the 1-g and 0-g flames shorter and more compact, its influence is more pronounced on the 0-g flame. The flame base is pushed closer to the centerline by the presence of the coflow and the difference in the structures of 1-g and 0-g flames is less significant as the coflow velocity is increased. Table I presents these flames. Both the maximum flame temperature and heatrelease rate become larger in the presence of a coflow, since it increases the advective oxidizer flux, thus enhancing the global reaction rate. Takahashi and Katta have reported a similar ''blowing effect'' for laminar methane jet nonpremixed flames. 40 The radiation fraction also decreases with increasing coflow, and the differences between the maximum flame temperatures and heat-release rates for the 1-g and 0-g flames become less pronounced. Figure 12 illustrates the effect of varying inner jet velocities on the 1-g and 0-g PPFs. The heat-release rate contours, velocity vectors, and isotherms are presented for three cases: ͑a͒ V in ϭ0.1 m s Ϫ1 , ͑b͒ 0.4 m s Ϫ1 , and ͑c͒ 0.8 m s Ϫ1 . Other conditions are in ϭ2.5, out ϭ0, and V out ϭ0. The values of the Froude number of the 1-g flames for these three cases are 0.23, 3.63, and 14.51, respectively. For all cases, the heights of the inner and outer reaction zones increase as the jet velocity is increased. The dependence of the inner flame height on the reactant velocity is attributed to the constant residence time, which is determined by the reaction time that essentially depends only on the equivalence ratio. The increase in the height of the outer flame is attributed to the strong synergistic interaction between the two flames and to the enhanced advection fluxes of CO and H 2 from the inner reaction zone. The difference between the 1-g and 0-g flame heights is more significant at higher jet velocities. At 0-g, the weaker air entrainment and the enhancement of radiation heat loss due to the absence of buoyant acceleration cause the flame heights to increase further for larger inner flow rates.
The volume of the high temperature region increases with a higher jet velocity. The volumes occupied by temperatures greater than 1000 K (V 1000 ) for the three jet velocities are calculated and listed in Table III , along with fraction of heat lost due to thermal radiation. As the jet velocity increases eightfold from 0.1 to 0.8 m s Ϫ1 , the value of V 1000 increases roughly 24 times from 0.4 to 9.54 cm 3 at 1-g, but the influence on the radiative heat flux fraction is smaller, since it increases from 5.38% to 12.8%. The 0-g flames also experience a similar effect. At 0-g, for all three jet velocities, the values of V 1000 are about 3.4 times larger than their 1-g counterparts, while the radiation fractions are approxi- mately five times larger. These results exhibit no explicit correlation between V 1000 and rad .
G. Gravity effect on burner-stabilized triple flames Figure 13 compares a burner-stabilized 1-g triple flame with its 0-g counterpart at the conditions in ϭ2.5, V in ϭ0.6 m s Ϫ1 , out ϭ0.35, and V out ϭ0.5 m s Ϫ1 . These axisymmetric triple flames are more compact and shorter with less space between the three reaction zones as compared to the planar triple flames described in Refs. 2 and 14. The effect of gravity on the flame shape of the axisymmetric triple flame is not significant due to the presence of the coflow as explained in the preceding section. However, gravity strongly influences flame instability, especially in outer lean premixed and central nonpremixed flames. The isotherms and velocity vectors in Fig. 13 show that the outer lean premixed reaction zone at 1-g is influenced by the evolution of a vortex. The vortex moves downstream and interacts with the lean premixed flame, thereby interfering with the inner nonpremixed reaction zone. The 0-g triple flame is stable and no oscillations are observed in the heat-release rate contours. The velocity vectors also show no vortexinduced air entrainment and downstream acceleration in the 0-g flame. Table IV presents the properties of similar triple flames ͑to that described in Fig. 13͒ under different gravitational accelerations. Average values of T max , q max , Q rad , rad , and H are provided in italics. Similar to the double flames, as the gravitational acceleration increases, the maximum flame temperature and local heat-release rate increase, and the radiation fraction and inner flame height decrease. The flickering frequency of the triple flames is larger than that of the double flames under the same gravitational acceleration. The relationship between the inverse Froude number and the Strouhal number for these flames is also shown in Fig. 10 . The data lie above the correlation of Hamins et al. 39 but still follow the power law relationship showing that the flickering mechanisms for both triple and double flames are similar.
IV. CONCLUSIONS
The effects of gravity, radiation heat loss, and coflow on burner-stabilized methane-air partially premixed double and triple flames are numerically investigated in the range from 0-g to 10-g. The model employs a detailed description of methane-air chemistry, thermodynamic, and transport properties, with the effect of thermal radiation modeled by the optically thin assumption.
͑1͒ Gravity has a significant effect on the outer nonpremixed reaction zone in the case of double flames, and on both the outer nonpremixed and lean premixed zones in the case of triple flames. The flames are steady due to the absence of buoyancy at zero and 0.1-g; while at 1-g and larger gravitational accelerations ͑up to 10-g) both double and triple flames are unsteady. The flickering frequency increases with increasing gravitational acceleration. The correlation between the Strouhal number and the Froude number for , which is in good agreement with a previous compilation of normal gravity data from a variety of flames.
͑2͒ The radiation effect is significantly smaller for PPFs at 1-g or higher gravitational accelerations than in hypogravity. The value of radiation fraction rad decreases from ϳ0.1 to ϳ0.04 in the range from 1-g to 10-g. However, thermal radiation effects become significant for 0-g flames for which rad can be as large as 0.5, since the flame volume increases as buoyancy is lowered. This causes the flame temperature to decrease and results in weaker chemical reactivity. In addition, the heights of both the inner premixed and outer nonpremixed reaction zones in the 0-g PPFs become higher due to the reduced chemical activity caused by thermal radiation.
͑3͒ The radiation ͑fourth͒ Damköhler number, which compares heat generated to the heat lost by radiation, illustrates the significance of radiation through the relation Da rad ϳ(1ϩFr Ϫ1 ) f (X f ,T). Its value decreases ͑i.e., relative significance of radiation increases͒ as Fr increases ͑e.g., during the transition from 1-g to 0-g).
͑4͒ The effect of the coflow is to counteract the effect of gravity on PPFs, since it enhances the oxidizer advection to the nonpremixed reaction zone and, thus, increases the overall reaction rate. We show that Da rad ϳV(g) f (X f ,T), which implies that the radiative heat loss decreases ͑or the Da rad increases͒ with an increase in the mean flow velocity.
͑5͒ The simulations of 1-g to 0-g PPFs indicate that the radiation-chemistry interactions are significantly enhanced in the absence of gravity, implying that the microgravity conditions are well suited for a fundamental investigation of such interactions.
